To suppress slag entrapment by vortexes during steel teeming, and to improve steel cleanliness, key factors affecting free surface vortex formation have been analyzed in this study. It was found that Coriolis forces have little effect on vortex formation. The initial tangential disturbance is the main factor for vortex formation. And when the nozzle position is central or eccentric, the effects of initial tangential velocity, nozzle diameter on the critical height are different. Physical properties of liquid steel have a small effect on the critical height. A formula for calculating the height was discussed.
Introduction
Reducing inclusions and further implementing some improvements in steel quality are of considerable interest to the steel industry. During steel teeming, vortexes can form above the nozzle as the liquid level of the molten steel decreases. A vortex results in inhibiting inclusion floatation and entrapping slag and air, causing nozzle corrosion and clogging, and increasing molten steel reoxidation. All of these problems seriously affect the quality of steels. 1, 2) However, in order to reduce the effects of vortexes, residual molten steel often remains in the ladle. For example, up to 3 t of steel can be left in a ladle with a of diameter 2-3 m, a height of 3 m, and a nozzle diameter of 5-10 cm, and initially 100-200 t of molten steel.
3) Thus, understanding the principles of free-surface vortex formation, and how to inhibit formation and evolution during steel teeming, are critical issues from economic and quality perspectives.
Free-surface vortex formation during steel teeming has been studied via water models, such as a vortex in a tub. Andrade 4) proposed that vortex motion followed the principle of conservation of angular momentum, where the angular velocity of water circulating around an axis has to increase as the distance from the axis decreases. Because there is angular velocity (tangential velocity) in a fluid flowing out of a nozzle, a rotational vortexing funnel will form. In the absence of angular velocity, non-vortexing funnels will eventually form. Many researchers thought that it was caused by the rotational Coriolis force from the earth's rotation. Shapiro 5) confirmed experimentally that vortexes in the northern hemisphere rotated counterclockwise, while Trefethen et al. 6) confirmed that they rotated clockwise in the southern hemisphere. However, Haugen et al. 7) reported that this effect was not significant for small-scale vortexes, and that both directions were possible in the northern hemisphere. Suh et al. 8) pointed out that Coriolis forces could be neglected under normal flow conditions, except when the fluid had completely settled over a long period of time.
In addition, many researchers have examined the factors important to the vortex formation. Lin et al. 9) pointed out that the rotary direction was uncertain when there was no resting time, but that vortexes rotated anticlockwise with prolonged resting times. With increased nozzle eccentricity (eccentricity is the ratio of the nozzle distance and the ladle radius), the vortex deviates from the nozzle, and its rotary direction becomes random. Hammerschmid et al. 10) found that the critical height (The critical height is the distance from the liquid level to the upper surface of the nozzle when the tip of vortex arrives to top edge of the nozzle) decreased with increasing resting time, and was proportional to the initial rotational velocity of the fluid. In contrast, Morales et al. 11) pointed out that residual motion had little effect on the critical height when the fluid was stirred at a constant speed. For water models, Lin et al. 12) reported that the critical height increased with increasing nozzle diameter. Sankaranarayanan and Guthrie 13) pointed out that the critical height was proportional to the ratio of the nozzle diameter to the ladle diameter, and that it increased with increased initial liquid level when the ratio was constant. But Lin et al. 12) and Huang et al. 14) found that the initial liquid level had little effect on the vortex critical height. Lin et al. 12) and Sucker et al. 15) reported that the critical height decreased with increasing nozzle eccentricity.
Many researchers have also examined vortex formation through numerical simulation. Zhao et al. 16) obtained the structure and movement of free-surface vortexes using a multiphase volume-of-fluid (VOF) model. They reported that external disturbances, asymmetric geometry, and surface roughness led to tangential fluid flow. The tangential flowing created vortex with random rotary directions in a tub that is similar to the Rankine vortex. Kuwana et al. 17) simulated water models using computational fluid dynamics (CFD) and found that vortex formation was dependent on the initial tangential velocity. They developed a relation for the critical height using Froude and Reynolds numbers. Davila et al. 18) and Morales et al. 11 ) used a VOF model to simulate steel teeming under insulated and non-insulated thermal conditions. They reported that the height of vortex formation increased because of the buoyancy caused by temperature gradients.
Despite all the previous researches, vortex formation is still not very well understood. A free-surface vortex in a ladle during steel teeming involves extremely complex fluid movement that has not been characterized in detail. Previously, we studied a free-surface vortex during steel teeming and analyzed its formation. 19) Here, various factors determining vortex formation are analyzed and vortex motions under different conditions are described in detail. A vortex critical height formula is derived from which critical heights are calculated and verified by the experiments by the other researchers. This work thus provides a theoretical basis for vortex prevention.
Numerical Solution
Free-surface vortex formation during steel teeming is simulated by Fluent software. The VOF multiphase model and renormalization-group k-ε model are used in the simulation. The "finite-volume implicit algorithm" and "pressureimplicit with splitting of operators" algorithms are used. Fluid teeming is simulated with an unsteady state and a 0.01 s time step. The inlet boundary is a pressure inlet and the exit boundary is a pressure outlet. The UDF (User Defined Function) program sets the initial velocity and Coriolis force. The mathematical model for fluid flow in a ladle is based on the following assumptions: the fluid is viscous and incompressible; the effect of temperature is negligible; to simplify modeling, the ladle is assumed cylindrical; the wall thickness of the ladle is neglected; a no-slip condition (zero velocity) for fluid flow near the ladle wall is assumed; and the slag layer on top of the molten steel is neglected. The ladle dimensions are set as reported previously.
19) The ladle diameter is 1.16 m, the nozzle diameter is 0.0765 m, the nozzle length is 0.1235 m, and the initial liquid level is 0.5 m.
We analyze the determining factors of vortex formation by altering the nozzle position and diameter. The onset of the vortex formation is determined by visual sense. By simulating the teeming processes for different fluids, the influence of physical properties of molten steel on vortex formation can be studied. The physical parameters of the fluids are listed in Table 1 . The simulation method has been verified.
19)

Factors Affecting Vortex Formation
Effects of Coriolis Forces
The Coriolis force can cause a deflection of the moving objects when they are viewed in a rotating reference frame.
In a reference frame with clockwise rotation, the deflection of the moving objects is to the left; in one with counterclockwise rotation, the deflection is to the right. (1) where m is the fluid particle mass,  v is of the fluid particle velocity relative to the rotating reference frame, and  w is the angular velocity of the rotating reference frame (rotational angular velocity of the earth). In order to study the Coriolis effect on the molten steel, the UDF programmer has been successfully applied in this study. The Coriolis force is applied to the molten steel and the upper air respectively. The initial states of lower molten steel and upper air are the same. However, in order to understand the Coriolis effect on the molten steel more clearly, the Coriolis force acting on the air is enlarged by 7 000 times than the actual Coriolis force.
Steel teeming under the following different initial conditions is simulated by Fluent simulation software: (1) molten steel outflows naturally; (2) the transport velocity of the ladle in the horizontal x direction u x is 0.017 m/s, or (3) 0.33 m/s; (4) the velocity of the ladle rotating anticlockwise, or (5) clockwise, with respect to the rotational angular velocity of ladle turret w θ is 0.105 rad/s. The initial liquid level H 0 = 0.5 m, the nozzle diameter is 0.0765 m, and the nozzle eccentricity is 0.5 in the above five cases. The eccentricity is the ratio of the nozzle distance (from the nozzle center to the ladle center) and the ladle radius. For example, when the nozzle is located in the center of ladle bottom, the eccentricity is 0; when at 1/2 the ladle bottom radius, the eccentricity is 0.5; or when at 3/4 the ladle bottom radius, Table 1 . Physical parameters of fluids. the eccentricity is 0.75. The transport velocity of the ladle and angular velocity of ladle turret are set according to the velocity range in practice. 20) The effect of Coriolis force in the northern hemisphere is studied. The simulation results are as follows.
Figure 1(a) shows molten steel that has not begun rotational flow when there is no initial disturbance, but the upper air has rotated anticlockwise for the same conditions. Figures 1(b) and 1(c) show that the molten steel still has not begun rotational flow from an initial horizontal disturbance, but that the upper air has rotated anticlockwise. Figures 1(d) and 1(e) show that when molten steel rotates anticlockwise or clockwise with the rotational ladle turret before steel teeming, it can form a rotational vortex during teeming. The direction of this rotational vortex is consistent with the initial rotational direction of the ladle turret. However, the upper air still rotates anticlockwise because of the Coriolis force. That is because the rotation from ladle turret provided a rotational inertia force. The inertia force drives the molten steel to rotate at the beginning of steel teeming. According to the principle of conservation of angular momentum, the angular velocity of molten steel can increase as the fluid flows towards the nozzle. And the gravity provides the enough energy to rotate rapidly, thus the vortex funnel forms gradually as the liquid level decreases. But the rotational vortex will not form as liquid level decreases if there is no rotational motion in molten steel at the beginning of steel teeming, such as the molten steel in Figs. 1(a), 1(b) and 1(c). It is found that the effect of Coriolis force is large on air because the force on the air is enlarged by 7 000 times than the actual Coriolis force, which equals to that the velocity of the air is enlarged. However, the Coriolis effect on molten steel is small because of the small velocity during steel teeming. Therefore, it can be concluded that the effect of Coriolis becomes obvious only when the velocity is large enough. During steel teeming, the liquid level of the molten steel decreases continuously. At a certain time, the surface firstly dimples, which can be considered as the vortex initiation. And then the vortex runs through the nozzle gradually. The critical height is defined as the liquid level when the vortex extends to the nozzle. When the liquid steel level is below the critical height, slag and even air will be strongly entrapped into the tundish. In Fig. 2 , molten steel has not begun rotational flow either in the absence of an initial disturbance or with an initial horizontal disturbance only. But the liquid surface still dimples and forms a funnel during steel teeming. The height of the non-rotational funnel extends to the nozzle, which indicates that the critical height is low and that the time that the funnel extends to the nozzle is prolonged. However, during steel teeming, a rotational vortex occurs with an initial tangential movement because of the rotational inertial force provided by ladle turret. The vortex critical height extending to the nozzle is high, and the time is short. In summary, the Coriolis force has little effect on the critical height, but the tangential disturbance has a large effect.
Effect of Nozzle Position on Vortex Formation
The eccentricities were set as 0, 0.5 and 0.75 respectively. The nozzle diameter is 0.0765 m, the initial liquid level H 0 = 0.5 m, and the initial tangential velocity u θ = 0.06 m/s, which corresponds to the rotational angular velocity of ladle turret w θ = 0.105 rad/s. Molten steel initially rotates anticlockwise around the center of ladle. The teeming simulation results are as follows. Figure 3 shows that with increasing eccentricity, the vortex critical height decreases, while the time that the vortex extends to the nozzle increases. For example, the critical height is 0.13 m when the eccentricity is 0.5, and 0.07 m when the eccentricity is 0.75. Figure 4 displays the process of free-surface vortex movement. In Fig. 4(a) , the center of the vortex is always in the center of the nozzle when the eccentricity is 0. In Figs.  4(b) and 4(c) , the center of vortex moves towards the nozzle center gradually. In fact, the movement process of vortex is the fluid rotating itself around central axis of vortex and meanwhile the center of vortex completes revolution around ladle center. But finally the axis of vortex and its revolution center both move to the nozzle because of the fluid flowing out of the nozzle. Then the vortex runs through the nozzle. The eccentricity determines the development and movement of the vortex. In addition, the time it takes for the vortex center to move towards the nozzle is prolonged with increasing eccentricity, so the critical height decreases.
In Fig. 5 , the tangential velocity is characterized by the maximum tangential velocity in 0.05 m plane from the bottom. The tangential velocity increases continuously when the nozzle is located in the center of ladle bottom. But when the nozzle is eccentric, the tangential velocity first increases rapidly over 0-2 s after the nozzle is opened, then it decreases, and finally it increases slowly or stays constant. The tangential velocity decreases with increasing eccentricity. The tangential velocity increases rapidly at first because the molten steel flowing out of the nozzle enhances the tangential force acting on the steel flowing rotationally around the ladle center. But the center of the vortex can move towards the nozzle over time, which suppresses the development of the vortex and eventually decreases its critical height. Figure 6 shows that the maximum tangential velocity in every plane almost decreases at the higher positions. Thus, the tangential velocity is larger at the bottom of ladle. Hence, the vortex critical height can be decreased by increasing the eccentricity of the nozzle, which can be selected according to various factors. The body of the ladle can be inclined during steel teeming much like the electric furnace. This can shorten the time of steel teeming and reduce the amount of residual molten steel due to slag entrainment. However, an inclined ladle changes tremendously the temperature of the liner wall, reducing its lifetime. The ladle may be also made into the inclined bottom, then increasing eccentricity can decrease the critical height of vortex and reduce amount of residual molten steel.
3)
Effect of Nozzle Diameter on Vortex Formation
Nozzle diameters were set as 0.06 m, 0.0765 m, and 0.1 m. For an eccentricity of 0.5, initial liquid level H 0 = 0.5 m, and initial tangential velocity u θ = 0.06 m/s, molten steel initially rotates anticlockwise around the center of ladle. Simulation results for steel teeming are as follows. Figure 7 shows that the vortex critical height changes with the different nozzle diameter when eccentricities are 0 and 0.5. When the eccentricity is 0, the critical height decreases a little with the nozzle diameter increasing. The critical height of vortex is almost between 0.28 m and 0.3 m. The vortex formation time is shortened with increasing nozzle diameter. That is because when the nozzle is central, the nozzle diameter has a little effect on the critical height but has a large effect on the flow rate out of the nozzle. The larger nozzle diameter is the more quickly liquid level descends and the shorter the vortex formation time is. When the eccentricity is 0.5 the critical height increases significantly as the nozzle diameter increases. The critical height of vortex is 0.082 when the nozzle diameter is 0.06 m, but it is 0.171 m when the nozzle diameter is 0.1 m. And the time for vortex extension to the nozzle is prolonged with decreasing the nozzle diameter regardless of the eccentricity change. Vortex movement occurs as discussed above. The movement of the vortex center slows with decreasing nozzle diameter when the nozzle position is eccentric. So the flow rate of molten steel can be reduced with proper adjustment of the nozzle valve, which is equivalent to reducing the nozzle diameter. The vortex critical height can thus be decreased effectively. The vortex critical height is related to R e , where R e is the Reynolds Number. The relation is derived by the Buckingham π theorem. Where H critical is critical height, d is diameter of nozzle, D is diameter of ladle, ρ is density, μ is viscosity, σ is surface tension, ε is eccentricity, g is acceleration of gravity. H 0 , ρ and g are used as the common variables, seven π groups can be obtained: gH ≈V out , 13) V out is velocity of outlet. So
Effects of Molten Steel Physical Properties on Vortex Formation
We , W e is the Weber Number. So Eq. (10) is obtained. π 6 and π 7 represent the physical properties. W e ≈(7 000×9.81×0.5×0.5)/1.6=10 730> 120, so surface tension can be ignored 21) (Surface tension of steel is the smallest of the five. Figure 8 shows the changes between the critical height, formation time and the physical properties such as viscosity and density when the eccentricities are 0 and 0.5. Reynolds Number R e is the ratio of inertial force and viscosity force (Re = 1 5 π in Fig. 8) . The critical height increases with increasing R e when the eccentricity is 0. However, the critical height decreases except for glycerol with increasing R e when the nozzle position is eccentric (the eccentricity is 0.5). This is because viscosity force can weaken the inertial force caused by the initial disturbance and promote the movement of vortex core. The phenomenon of glycerol is unique, because of the high viscosity of glycerol. So high viscosity not only weakens the inertial force caused by initial disturbance but also suppresses the evolution of vortex. Therefore, the critical height of glycerol is lower than the others regardless of eccentricity of either 0 or 0.5. On the contrary, the vortex forms more quickly in the eccentric nozzle than that in the central nozzle when the fluid is glycerol because of the high viscosity. The change of formation time is opposite to that of critical height regardless of the nozzle position that is central or eccentric.
From the above, when the nozzle position is central, the critical height only increases a little with decreasing nozzle diameter. When the nozzle position is eccentric, the critical height increases significantly with increasing nozzle diameter and with decreasing eccentricity. But the physical property except for glycerol only has a little effect regardless of central nozzle or eccentric nozzle. And the changes of formation time almost are opposite to those of critical height. Table 2 , adjusted R square represents the fitting effect. The higher value of adjusted R square (close to 1) means the better fitting. The t test is used for testing the significance of the regression coefficient. The t value is the statistics. Sig. represents the significance level of the discrepancy, and its range is less than 0.05, namely, Sig. < 0.05. Partial correlation represents the degree of correlation between independent and dependent variables. The higher absolute value of partial correlation (close to 1) means the better correlation. 22) In Table 2 Table 3 have a good correlation and a good fitting effect between the independent variables and dependent ones. So the formula of critical height is finally summarized in Eq. (14) . From Fig. 9 , it can be concluded that the experimental and the calculated results have similar tendency. In practice, the critical height is almost unchanged when the initial tangential velocity exceeds a certain value. So it should be noted that when the critical height determined by Eq. (14) exceeds the initial liquid level, it can be considered as the initial liquid level approximatively.
In summary, the formula allows us to predict the vortex critical height formation under different conditions. The vortex can be suppressed by the following measures. To reduce residual movement, molten steel can be rested for a long time in the ladle. An appropriate nozzle eccentricity is applied and the bottom ladle is inclined. Meanwhile, 13, 23) and the formula results. the nozzle valve can be adjusted accordingly as the vortex forms. More effective suppression way of vortexes will require further research.
Conclusions
By simulating steel teeming under different conditions, factors affecting vortex formation were analyzed and a formula for determining the vortex critical height was derived. The following conclusions can be written.
(1) The Coriolis force has little effect on vortexes during steel teeming. Instead, the initial tangential disturbance in the molten steel before teeming is the main factor for vortex formation.
(2) The vortex center can move towards the nozzle when the nozzle is eccentric. This movement decreases the tangential velocity and the vortex critical height.
(3) Initial tangential velocity, nozzle diameter, eccentricity and liquid physical property have significant effects on the vortex formation. The effect of physical property is small.
(4) Without considering the thermal convection, the formula to predict the vortex critical height was developed. When the nozzle position is central, the critical height is related to initial tangential velocity and the ratio between nozzle diameter and ladle diameter. When the nozzle position is eccentric, the critical height is also related to eccentricity.
